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Introduction {#sec001}
============

Due to a complex interaction of clinical and epidemiological factors, the elderly population has rapidly expanded. Between 2015 and 2050, the proportion of individuals aged ≥65 years is estimated to increase from 8.5% to 16.7% of the world's population \[[@pone.0225880.ref001]\]. However, increased longevity carries several age-associated physiological changes. Among these changes, functional decline of the skin − one of the largest organs in the body − is pronounced. Skin morphology changes with age, with a decline in dermal thickness, a flattening of the dermo--epidermal junction, and disorganized microcirculation \[[@pone.0225880.ref002]--[@pone.0225880.ref005]\]. Owing to these morphological and structural changes, skin's physiological function deteriorates, exhibiting increased dryness and roughness, increased susceptibility to infection, and impaired cutaneous wound healing \[[@pone.0225880.ref006]--[@pone.0225880.ref009]\].

Cutaneous wound healing is a complex response to injury and involves three major phases: inflammation, proliferation, and remodeling \[[@pone.0225880.ref010]\]. Additionally, various factors, such as aging, malnutrition, and diseases, are involved in cutaneous wound healing \[[@pone.0225880.ref011]\]. Since the 1990s, it became clear that cutaneous wound healing is affected by female sex hormones, especially estrogen. Previous studies have reported that postmenopausal women with systemically reduced estrogens show delayed healing, whereas hormone replacement therapy can reverse this delay \[[@pone.0225880.ref012]\], and that topical estrogen replacement in healthy aged individuals reverses age-associated delayed cutaneous wound healing \[[@pone.0225880.ref013]\]. Genetically, it has been reported that estrogenic sex hormones play a more important role in human age-associated delayed cutaneous wound healing than intrinsic cellular aging \[[@pone.0225880.ref014]\]. These studies have attracted attention to estrogens as a potential therapeutic target for promoting cutaneous wound healing. Since then, several animal studies have been performed to clarify estrogen's effect on cutaneous wound healing. Estrogen administration has been shown to accelerate cutaneous wound healing in 8--12-week-old female mice through suppression of excessive inflammatory cells as neutrophils and macrophages and expression of tumor necrosis factor (TNF)-α \[[@pone.0225880.ref015]--[@pone.0225880.ref021]\].

Recently, our research group has focused on estrogen administration routes \[[@pone.0225880.ref021]\]. Slow-release 17β-estradiol (E2) pellet (Innovative Research of America, Sarasota, FL) has been used for subcutaneous administration in several previous studies evaluating the effect of estrogen on cutaneous wound healing \[[@pone.0225880.ref015],[@pone.0225880.ref016],[@pone.0225880.ref018],[@pone.0225880.ref022]--[@pone.0225880.ref024]\]. In our previous study, E2 gel (L'estrogel 0.06%; Bayer Yakuhin, Osaka, Japan) was applied to the skin \[[@pone.0225880.ref025]\]. On the other hand, numerous external agents such as honey have been directly applied to wounds for evaluating their effect on cutaneous wound healing \[[@pone.0225880.ref026]--[@pone.0225880.ref029]\], direct application of estrogen to wounds may also be effective. Our previous study evaluated the effect of topical estrogen application to wounds and compared it with previous treatment methods such as a slow-release E2 pellet and E2 application to the skin. Results suggested that topical estrogen application reduced inflammatory response and promoted angiogenesis and wound contraction to a higher extent than other treatment methods \[[@pone.0225880.ref021]\]. From this study, it became apparent that topical estrogen application to wounds was more effective in promoting cutaneous wound healing than other methods such as a slow-release E2 pellet and E2 application to the skin.

Our research group has also been interested in the effect of estrogen on cutaneous wound healing upon delayed cutaneous wound healing associated with aging. Our previous studies showed that E2 gel application to the skin promoted cutaneous wound healing in 24- (young) and 40-week-old (mature) female mice by reducing wound area and inflammatory response, and promoting re-epithelialization and wound contraction \[[@pone.0225880.ref030]\]\[[@pone.0225880.ref031]\]. These studies indicated that E2 gel application to the skin is effective in promoting cutaneous wound healing associated with advanced age. Although our recent study revealed that topical estrogen application to wounds is more effective than E2 gel application to the skin, this study only assessed 12-week-old female mice. Additionally, in the previous study, topical estrogen replacement was applied only before the wounds were made \[[@pone.0225880.ref013]\]. So, whether topical estrogen application to wounds promotes cutaneous wound healing in cases of delayed cutaneous wound healing associated with advanced age remains to be elucidated. Previous studies have used female mice aged 22--24 months as an aged model \[[@pone.0225880.ref032],[@pone.0225880.ref033]\]. On the other hands, tumor incidence tends to rapidly increase after the age of 15 months (incidence rates in various age-groups were: 14--15 months, 6.2%; 20--24 months, 41.3%; and 27--30 months, 61.1%) \[[@pone.0225880.ref034]\]. So, we chose 80-week-old female mice from the perspective of balancing between life span and tumor incidence rate. Therefore, the present study aimed to assess the effect of topical estrogen application to wounds on cutaneous wound healing in 80-week-old female mice.

Materials and methods {#sec002}
=====================

Animals {#sec003}
-------

A total of 85 C57BL/6 female mice (Sankyo Lab Service Co., Tokyo, Japan) were used in the experiments. Animals were individually caged in an air-conditioned room at 25.0 ± 2.0°C, with lights on between 08:45 and 20:45 and free access to water and chow. All animal experiments conducted in this study were reviewed and approved by the Animal Experiment and Use Committee of Kanazawa University and performed in accordance with the Guidelines for the Care and Use of Laboratory Animals of Kanazawa University, Japan (AP-153537).

Wounding {#sec004}
--------

Mice were fed until the age of 82--85 or 12 weeks. Before reaching the age of 82--85 weeks, thirty-three mice died or suffered from disease. At this time, they were anesthetized by inhalational anesthesia using 1.5% isoflurane (Wako, Tokyo, Japan) in 1.5 L O~2~/min through a plastic tube mask. Animals' dorsum was shaved, and mice were divided into four groups: aged group, topical estrogen wound treatment aged group (aged-E), vehicle wound treatment aged group (aged-vehicle), and young group. One day after shaving, mice dorsum was disinfected with 70% ethanol, then two circular full-thickness skin wounds (4 mm in diameter) including the panniculus carnosus muscle were made on both sides of mice dorsum using a Kai sterile disposable biopsy punch (Kai Industries Co. Ltd., Gifu, Japan) under inhalational anesthesia. Wounds were covered with a hydrocolloid dressing (Tegaderm; 3M Health Care, Tokyo, Japan) to maintain a moist environment, and mice were wrapped with sticky bandages (Skinergate^™^; Nichiban, Tokyo, Japan), which were replaced every day in according to our previous studies \[[@pone.0225880.ref021],[@pone.0225880.ref025],[@pone.0225880.ref030],[@pone.0225880.ref031]\].

Exogenous estrogen administration {#sec005}
---------------------------------

Estradiol benzoate (OVAHORMON^®^INJECTION; ASKA Pharmaceutical Co. Ltd., Tokyo, Japan) was applied to wounds at 0.75 μg/g/day every day following wounding procedures under inhalational anesthesia \[[@pone.0225880.ref021]\]. In brief, estradiol benzoate was applied to cover the wound surface after cleaning the wounds with normal saline. Estradiol benzoate was diluted at 0.75 μg/g in sesame oil (Wako Pure Chemical Industries Ltd., Tokyo, Japan). The sesame oil vehicle was applied at the same dose as estradiol benzoate to wounds every day following wounding.

Macroscopic observations {#sec006}
------------------------

The day on which animals were wounded was designated as day 0. The process of wound healing was observed until day 14 under inhalational anesthesia. Wound edges were traced on polypropylene sheets, and images were captured every day. Traces on the sheets were captured with a scanner onto a personal computer using Adobe Photoshop Elements (APE) 11.0 (Adobe System Inc., Tokyo, Japan), and wound areas were calculated using ImageJ image analysis software (National Institutes of Health, Bethesda, Maryland, USA) according to our previous studies \[[@pone.0225880.ref021],[@pone.0225880.ref025],[@pone.0225880.ref030],[@pone.0225880.ref031]\]. Wound area was defined as the wound area ratio each day since the initial wound area on day 0, when wound was made \[[@pone.0225880.ref021],[@pone.0225880.ref025],[@pone.0225880.ref030],[@pone.0225880.ref031]\]. The term "rapidly" was defined as decrease in the wound area ratio until it became flat and the term "gradually" was defined as decrease in the wound area ratio after it became flat.

Tissue collection {#sec007}
-----------------

Mice were euthanized through a pentobarbital sodium overdose intraperitoneally administered on days 3, 7, and 14 post-wounding (day 3: 3 mice per groups; days 7 and 14: 5 mice per groups). Wound and surrounding intact skin (epidermis, dermis and subcutaneous tissue) which area was about 10% of the wound were harvested (day 3: 6 wounds per group; days 7 and 14: 10 wounds per groups), and each wound sample were bisected at the wound center. Half of each wound sample was embedded in tissue-Tek OCT (Sakura Finetek, Japan) and frozen in liquid nitrogen then stored at -20°C prior to fixing for histology, and the remaining half was snap-frozen in liquid nitrogen and stored at −80°C prior to RNA isolation.

Immunohistological staining {#sec008}
---------------------------

Five-μm-thick ice sections were stained with hematoxylin and eosin staining or subjected to immunohistology with an anti-α smooth muscle actin (α-SMA) antibody (ab5694, Abcam Japan, Tokyo, Japan), an anti-neutrophil antibody (ab2557, Abcam Japan, Tokyo, Japan), and an anti-Mac-3 antibody (550292, BD Pharmingen, Tokyo, Japan). To detect primary antibodies, sections for the anti-α-SMA antibody were incubated with the Dako Envision+ system HRP-labeled polymer anti-rabbit (ready to use) (Dako North America, California, USA) and sections for the anti-neutrophil and anti-Mac-3 antibodies were incubated with polyclonal rabbit anti-rat immunoglobulins/HRP (Dako North America, California, USA). These immunohistological staining was performed in accordance with our previous studies \[[@pone.0225880.ref021],[@pone.0225880.ref025],[@pone.0225880.ref030],[@pone.0225880.ref031]\]. Negative control slides were obtained by omitting each primary antibody.

Microscopic observations {#sec009}
------------------------

Images were imported onto a computer using a digital microscopic camera (DP2-BSW Olympus, Japan). Measurements of re-epithelialization proportions (re-epithelialization length/wound length) on days 3, 7 and 14 were performed using DP2-BSW software. Each positively stained cell (neutrophil and macrophage) on days 3 and 7 was counted at five wound sites using ImageJ image analysis software with a 40× objective, according to our previous studies \[[@pone.0225880.ref021],[@pone.0225880.ref025]\]. The five sites' total area was calculated on DP2-BSW monitor, and total neutrophil and macrophage numbers in the five wound sites were divided by the whole five sites' total area. Measurements of the ratio of myofibroblasts (myofibroblast pixels/total wound pixels) on days 7 and 14 were performed using APE software, according to our previous studies \[[@pone.0225880.ref021],[@pone.0225880.ref025],[@pone.0225880.ref030],[@pone.0225880.ref031]\].

RNA isolation and real-time polymerase chain reaction (PCR) {#sec010}
-----------------------------------------------------------

RNA was isolated from the whole-wound homogenate using PureLink RNA Mini Kit (ThermoFisher Scientific K.K., MA, USA). cDNA was transcribed from 1μg of RNA using the PrimeScript^™^ RT reagent Kit with gDNA Eraser (TAKARA Bio Inc., Shiga, Japan). Quantitative real-time PCR was performed using TB Green^™^ Premix Ex Taq^™^ Ⅱ (TAKARA Bio Inc., Shiga, Japan) and an AriaMx Real-Time PCR system (Agilent Technologies Inc., CA, USA). Each sample was serially diluted over three orders of magnitude, and the expression levels normalized to those of *Gapdh* housekeeping gene. Relative expression ratios were determined in relation to a control sample (young group). Primer sequences were as follows. *Tnf-a*: F, `5′-ACGTCGTAGCAAACCACCAA-3′`; R, `5′-AAGGTACAACCCATCGGCTG-3′`, *Il-6*: F, `5′-CCGGAGAGGAGACTTCACAG-3′`; R, `5′-TCCACGATTTCCCAGAGAAC-3′`, and *Gapdh*: F, `5′-TGATGGGTGTGAACCACGAG-3′`; R, `5′-GGCATGGACTGTGGTCATGA-3′`.

Statistical analysis {#sec011}
--------------------

Data was expressed as mean ± standard error of the mean (SEM) and analyzed using JMP^®^ 12.1.0 (SAS Institute Inc., Cary, NC, USA). Mean comparisons among multiple groups were performed using one-way ANOVA followed by post hoc pairwise comparisons using the Tukey--Kramer multiple comparison test. P *\<*0.05 was considered significant.

Results {#sec012}
=======

Wound area {#sec013}
----------

In the young group, wound areas increased for 3 days (wound area to initial wound area ratio on day 3: 1.18 ± 0.04) and then rapidly decreased until day 9 (0.26 ± 0.05), after which gradually decreased until day 14 (0.06 ± 0.02). In the aged group, wound areas increased for 3 days (1.57 ± 0.11) and then decreased until day 14 (0.35 ± 0.09). In contrast, in the aged-E group wound areas did not increase and instead rapidly decreased until day 5 (0.34 ± 0.03), after which they gradually decreased until day 14 (0.06 ± 0.01). Additionally, in the aged-vehicle group, wound areas increased for 2 days (on day 2: 0.95 ± 0.17) and then rapidly decreased until day 5 (0.30 ± 0.04), after which they gradually decreased until day 14 (0.10 ± 0.02).

Wound area ratio was significantly higher in the aged group compared with the young group on days 3--14 (p\<0.01). In contrast, wound area ratios were significantly lower in the aged-E and aged-vehicle groups compared with the aged group on days 1--14 (p\<0.01) and days 3--14 (p\<0.01), respectively. Wound area ratios were also significantly lower in the aged-E and aged-vehicle groups compared with the young group on days 3--7 (p\<0.01 and p\<0.05, respectively). There were no significant differences between aged-E and aged-vehicle groups ([Fig 1A and 1B](#pone.0225880.g001){ref-type="fig"}).

![Macroscopic wound healing.\
(A) Wounds with a 4 mm-diameter were inflicted, and healing was recorded by image capture. Scale bar, 5 mm. (B) Wound area ratios in relation to initial area on day 0 are depicted as line graphs for each day. Values are expressed as mean ± SEM, n = 6--10 wounds per groups, ANOVA, Tukey--Kramer \*\*p\<0.01 vs. aged-E group; ^††^p\<0.01 vs. aged-vehicle group and ^¶¶^p\<0.01 vs. young group.](pone.0225880.g001){#pone.0225880.g001}

Re-epithelialization and wound contraction {#sec014}
------------------------------------------

In the young group, new epithelium gradually extended from the wound edges and completely covered the whole wound by day 14. In contrast, in the aged group, although new epithelium gradually extended from wound edges, it did not completely cover the whole wound on day 14. Following topical estrogen wound treatment, new epithelium rapidly developed from wound edges and completely covered the whole wound by day 14. In the aged-vehicle group, new epithelium developed from wound edges, but it did not completely cover the whole wound until day 14. The ratio of re-epithelialization was significantly lower in the aged compared with the young group on day 3 (p \<0.01) and tended to be lower in the aged compared with the young group on day 14 (p = 0.0574). Re-epithelialization ratio was significantly higher in the aged-E than in the aged group on days 3--14 (p \<0.05) ([Fig 2A and 2B](#pone.0225880.g002){ref-type="fig"}).

![Re-epithelialization and wound contraction.\
Box graphs show (A) ratio of re-epithelialization (%) and (C) ratio of myofibroblasts (%). (B) HE staining (scale bar = 200 μm) and (D) myofibroblasts stained with anti-α-SMA antibody (scale bar = 200 μm) were observed in granulation tissue on day 14. Values are expressed as mean + SEM, n = 4--8 wounds for each group, ANOVA, Tukey--Kramer \*p\<0.05 and \*\*p\<0.01: vs. aged-E group; ^¶^p\<0.05 and ^¶¶^p\<0.01 vs. young group.](pone.0225880.g002){#pone.0225880.g002}

In the young group, anti-α SMA antibody-positive myofibroblasts (differentiated fibroblasts with strong contractility) were observed with bridge-like structure which was the appearance of myofibroblasts connecting the wound edges across the wound on day 7, and subsequently decreased in number until day 14. In contrast, in the aged group, anti-α SMA antibody-positive myofibroblasts appeared at the wound edges and granulation tissue on days 7 and 14. However, they were not connected linearly. Following topical estrogen wound treatment, anti-α SMA antibody-positive myofibroblasts were observed with bridge-like structures across the wound on day 7, and subsequently decreased in number until day 14. In the aged-vehicle group, anti-α SMA antibody-positive myofibroblasts were observed in granulation tissue on day 7, persisting in granulation tissue while maintaining a bridge-like structure on day 14. No significant differences were found among groups ([Fig 2C and 2D](#pone.0225880.g002){ref-type="fig"}).

Neutrophils, macrophages, TNF-α, and IL-6 {#sec015}
-----------------------------------------

Large neutrophil numbers were observed in wounds of all groups on day 3, particularly in the aged group. Numbers then decreased until day 7, particularly in the aged-E group. Neutrophil number was significantly higher in the aged compared with the aged-E group on days 3 and 7 (p\<0.05) and with the young and aged-vehicle groups on day 7 (p\<0.05 and p\<0.01, respectively). In addition, neutrophil number was significantly lower in the aged-E compared with the young and aged-vehicle groups on day 7 (p\<0.05 and p\<0.01, respectively) ([Fig 3A and 3B](#pone.0225880.g003){ref-type="fig"}).

![Neutrophils, macrophages, and relative *Tnf-a* and *Il-6* expression.\
Box graphs show (A) number of neutrophils per mm^2^ and (C) number of macrophages per mm^2^. (B) Neutrophils (arrows) stained with anti-neutrophil antibody (scale bar = 20 μm) and (D) macrophages (arrows) stained with anti-Mac-3 antibody (scale bar = 20 μm) were observed in wound tissue on day 7. Box graphs show (E) relative *Tnf-a* expression and (F) relative *Il-6* expression. Values are expressed as mean + SEM, n = 5--6 wounds for each group (A−D) and n = 3 wounds for each group (E and F), ANOVA, Tukey--Kramer \*p\<0.05 and \*\*p\<0.01 vs. aged-E group; ^††^p\<0.01 vs. aged-vehicle group; ^¶^p\<0.05 vs. young group.](pone.0225880.g003){#pone.0225880.g003}

Macrophages were observed in wounds of all groups on day 3 and increased until day 7. Macrophage numbers were significantly lower in the aged-E compared with the other three groups on day 3 (p\<0.05) and with the aged and young groups on day 7 (p\<0.01 and p\<005, respectively). In addition, macrophage number was significantly lower in the aged-vehicle than in the young group on day 3 (p\<0.05) ([Fig 3C and 3D](#pone.0225880.g003){ref-type="fig"}).

In the aged group, relative *Tnf-a* expression was high compared with the young group on day 3, although not significantly different. Relative *Tnf-a* expression in the aged-E and aged-vehicle groups was low compared with the young group on days 3 and 7, but not significantly different ([Fig 3E](#pone.0225880.g003){ref-type="fig"}).

In the aged, aged-E, and aged-vehicle groups, relative *Il-6* expression was low compared with the young group on days 3 and 7, although not significantly different ([Fig 3F](#pone.0225880.g003){ref-type="fig"}).

Discussion {#sec016}
==========

Since the 1990s, estrogen has attracted increasing attention as a therapeutic target for cutaneous wound healing \[[@pone.0225880.ref012],[@pone.0225880.ref015],[@pone.0225880.ref018],[@pone.0225880.ref020],[@pone.0225880.ref023],[@pone.0225880.ref035]\]. In our previous study, we revealed that topical estrogen application to wounds was more effective in promoting cutaneous wound healing compared with other standard methods \[[@pone.0225880.ref021]\]. However, in the previous study, topical estrogen replacement therapy was only applied before wounds were made \[[@pone.0225880.ref013]\]; therefore, whether topical estrogen application to wounds promotes cutaneous wound healing upon delayed cutaneous wound healing due to advanced age remains unclear. Therefore, the present study aimed to examine the effect of topical estrogen application to wounds on cutaneous wound healing in 80-week-old female mice. Results revealed that topical estrogen application to wounds promotes cutaneous wound healing in 80-week-old female mice showing delayed cutaneous wound healing; however the between-group differences with respect to cutaneous wound healing parameters were not statistically significant between application of topical estrogen and sesame oil as vehicle.

In the aged group, wound area expanded for 3 days in the inflammatory phase and remained large throughout the whole period compared with the young group. In contrast, expanded wound area in the aged group was suppressed following topical estrogen application to wounds. Topical estrogen application to wounds reduced their area compared with that of the young group on days 3--7 post-wounding in the inflammatory phase. Our previous findings demonstrated that wound area expanded in the inflammatory phase and gradually decreased afterwards \[[@pone.0225880.ref021],[@pone.0225880.ref025],[@pone.0225880.ref030],[@pone.0225880.ref031]\]. So results hence seemed to show that topical estrogen application to wounds is effective in reducing the inflammatory response in delayed cutaneous wound healing associated with advanced age. In support of these results, the present study compared neutrophil and macrophage numbers in wounds. In the inflammatory phase, bacteria are removed and a suitable environment is created for eliciting tissue repair and regeneration \[[@pone.0225880.ref036]--[@pone.0225880.ref038]\]. Neutrophils and macrophages are believed to play a major role in the inflammatory phase. Neutrophils prevent infection through their phagocytic ability as the first line of defense and release pro-inflammatory cytokines \[[@pone.0225880.ref038],[@pone.0225880.ref039]\], subsequently, days later, macrophages also exhibit phagocytic ability and release pro-inflammatory cytokines \[[@pone.0225880.ref040],[@pone.0225880.ref041]\]. In the present study, a large neutrophil number was observed in wounds on day 3 in the aged group compared with the young group, which persisted on day 7. Previous studies have documented a marked early increase in the neutrophil number in the aged and a less pronounced peak in the wounds of young subjects \[[@pone.0225880.ref042]\]; in addition, advanced age has been shown to be associated with impaired neutrophil chemotaxis \[[@pone.0225880.ref043]--[@pone.0225880.ref045]\]. Therefore, it appears that aged mice have impaired inflammatory response with persistence of neutrophils in wounds. In contrast, the increased neutrophil number and survival in the aged group was reduced following topical estrogen application. Several previous studies have reported reduction in the number of neutrophils upon estrogen administration in wounds of young mice (age; 8--12 weeks) \[[@pone.0225880.ref016],[@pone.0225880.ref017],[@pone.0225880.ref023]\] as well as in mice aged 24 weeks and 40 weeks \[[@pone.0225880.ref030],[@pone.0225880.ref031]\]. In the present study, the number of macrophages in wounds was also significantly reduced following topical estrogen application compared with that in young and aged groups. In previous studies, estrogen administration was shown to decrease the number of macrophages in wounds in young (age: 8--12 weeks) \[[@pone.0225880.ref016]--[@pone.0225880.ref019],[@pone.0225880.ref023]\]. Therefore, these results suggest that the altered inflammatory response with cellularity in aged mice improved with topical estrogen application to wounds. We also evaluated the relative expression of pro-inflammatory cytokines in this study. The crucial role of TNF-α and IL-6 in the pathophysiology of specific inflammatory conditions is well documented \[[@pone.0225880.ref040],[@pone.0225880.ref041],[@pone.0225880.ref046]\]; in addition, delayed cutaneous wounds were shown to exhibit raised local and systemic levels of TNF-α and IL-6 in aged \[[@pone.0225880.ref047],[@pone.0225880.ref048]\]. Although no significant difference was observed, the relative *Tnf-a* expression in the aged group was higher than that in the young group, and was suppressed after topical application of estrogen. On the other hand, although no significant difference was observed, the relative *Il-6* expression in aged group was lower than that in the young group, and this expression was also low in the aged-E group compared with the young group. Previous studies reported that elevated *IL-6* is associated with inflammation in aged and senescent cells \[[@pone.0225880.ref049],[@pone.0225880.ref050]\]; in addition, *IL-6* expression was reduced in aged keratinocytes following wounding compared with young keratinocytes \[[@pone.0225880.ref032]\]. These results suggest that the effect of aging on secretion of inflammatory cytokines may vary. Further research is required to confirm this unclear phenomenon.

When the inflammatory response smoothly ends, wound closure involves epithelial stretching and wound contraction \[[@pone.0225880.ref010]\]. In the present study, new epithelium did not completely cover wound surface until day 14 in the aged group, and anti-α SMA antibody-positive myofibroblasts had not formed a bridge-like structure on day 14. In contrast, following topical estrogen application to wounds, new epithelium had completely covered wound surface by day 14, and anti-α SMA antibody-positive myofibroblasts were observed in the granulation tissue with forming bridge-like structures across the wound on day 7, and subsequently decreased until day 14 (However, there were no significant differences). Previous studies have reported that estrogen promotes re-epithelialization in 8--12-week-old young mice \[[@pone.0225880.ref016],[@pone.0225880.ref017],[@pone.0225880.ref023]\] and in 24- and 40-week-old mice \[[@pone.0225880.ref030],[@pone.0225880.ref031]\]. Therefore, our results together with previous findings show that topical estrogen application to wounds effectively promotes re-epithelialization in delayed cutaneous wound healing due to advanced age, although not significantly affecting wound contraction. Keyes et al. recently reported that re-epithelialization in aged skin was impaired through activation of transcription (STAT) 3 signaling \[[@pone.0225880.ref032]\] and IL-6 treatment which was a ligand of STAT3-signaling improved keratinocyte outgrowth \[[@pone.0225880.ref032]\]. So, it was thought that re-epithelialization was promoted by estrogen application though IL-6/STAT-3 signaling. However in this study, relative *Il-6* expression was low in the aged-E group and did not reach the same level as observed in young group. Campbell et al. reported that estrogen promotes mouse keratinocyte migration through estrogen receptor (ER)-β \[[@pone.0225880.ref023]\]. Therefore, we believe that estrogen may promote re-epithelialization through ER-β rather than STAT3-mediated signaling in the setting of delayed cutaneous wound healing associated with advanced age. Further research is required to confirm this hypothesis.

In the present study, sesame oil was used as a treatment vehicle, as it was predicted that cutaneous wound healing in aged and aged-vehicle groups can be similar. However, contrarily to initial expectations, sesame oil promoted cutaneous wound healing to some extent compared with the observed healing in the aged group with reduced wound area and neutrophil number. As no differences were observed in the healing parameters between estrogen and vehicle, the effect of the vehicle reached that of estrogen. Several previous studies have reported the effectiveness of this oil in promoting cutaneous wound healing in young animals \[[@pone.0225880.ref051]--[@pone.0225880.ref054]\], and the present results suggest that sesame oil as a treatment vehicle somewhat promotes cutaneous wound healing in aged mice. Therefore, further research is required in the near future to clarify the mechanisms underlying cutaneous wound healing promoted by topical sesame oil application to wounds in aged mice.

In conclusion, the present study showed that topical estrogen application to wounds with delayed cutaneous healing due to advanced age reduced wound area and inflammatory response and promoted re-epithelialization. Topical estrogen application to wounds therefore promoted cutaneous wound healing in 80-week-old female mice showing delayed cutaneous wound healing. These results will potentially be beneficial in wound care for elderly women.

The authors would like to thank Enago ([www.enago.jp](http://www.enago.jp/)) for the English language review.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.
